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a b s t r a c t

Polypyrrole doped with dodecylbenzene sulfonate (DBS) was formed at copper, PPyeDBS, and at a thin
coating of polypyrrole doped with tartrate to form a bilayer of PPyeTar/PPyeDBS at copper. The two
polymer coatings showed good protective properties. Breakdown potentials of 0.85 V and 0.93 V vs SCE
were recorded in 0.1M NaCl for the PPyeDBS and PPyeTar/PPyeDBS bilayer, respectively. The more
protective properties of the bilayer were explained in terms of an adherent thin polymer that was formed
in the tartrate solution without significant dissolution of copper before the polymer was nucleated. The
protective properties were also evident from open-circuit potential measurements where the potential
adopted by the polymer coated copper remained constant and higher than the potential of the uncoated
copper for several days. Furthermore, a decrease in the corrosion current density was observed from
1.95 mA cm�2 for copper to 0.12 mA cm�2 for the bilayer. The concentration of DBS had an influence on the
properties of the polymer films with more protective films formed in 0.05M DBS. The critical micelle
concentration of DBS in 0.3M pyrrole was measured as 9.8mM, indicating a relatively high level of
micelles in 0.05M DBS. The protective properties of the coating were attributed to the large and
immobile DBS anion, which gives the polymer cation exchange properties, minimising the uptake of
chloride anions. In addition, the incorporation of anionic micelles may occur to repel further the chloride
anions.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

It is well known that oxidation and corrosion of copper occurs
and this is particularly evident in chlorideecontaining solutions or
environments. It is generally thought that a Cu2O phase is depos-
ited initially during oxidation, followed by the formation of Cu(II)
compounds, such as cupric hydroxide (Cu(OH)2) and cupric oxide
(CuO) [1]. A pseudoepassive film is generated due to the formation
of a Cu(OH)2 film filling the pores of the base film. Shoesmith et al.
[2] have demonstrated that Cu(OH)2 forms in two layers, a base
layer grown by a solidestate mechanism and an upper layer of
individual crystals nucleated and grown from solution. In the
presence of chloride anions, and when conditions favour in-
teractions of chloride ions with the oxide film, this layer becomes
less protective, and the breakdown potential is displaced to more
negative potentials [3].

Various inhibitors [4,5] have been used to minimise the
).
corrosion of copper, but in more recent times conducting polymers,
primarily polypyrrole, have been employed [6e14]. The electro-
polymerisation of pyrrole, which requires the oxidation of the
monomer, to generate polypyrrole occurs at potentials in the vi-
cinity of 0.60 Ve0.80 V vs SCE and at these potentials dissolution of
copper occurs. These dissolution reactions can be minimised by
selecting anions that form complexes with Cu2þ inhibiting further
dissolution and enabling the formation of the polymer. Polypyrrole
has been formed at copper from oxalate, salicylate, phosphate,
phytic acid, benzoate and citrate [6e14], while polymers formed
using substituted pyrrole monomers, such as methyl pyrrole, have
also been formed [15e17] to give protective properties to the
copper substrate. Corrosion protective coatings have been obtained
with poly(oetoluidine) coatings deposited at copper from oxalate
or salicylate [18e20], while the polypyrrole matrix has also been
modified with polyhedral oligomeric silsesquioxane [21] and
deposited metals [22].

Many of the dopants used such as oxalate, citrate, benzoate,
salicylate and phosphate are relatively small and mobile. These are
incorporated as dopants during the formation of the polypyrrole
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film, but they are expelled on reduction of the film, facilitating
anion exchange with chloride anions. On the other hand, phytic
acid, a large cyclic acid, has been shown to inhibit the dissolution of
copper by acting as a cation exchange membrane [12,13]. On
reduction of the polypyrrole matrix, cations enter the film as the
large immobile anion is not expelled. Dodecyl benzene sulfonate
(DBS) is another large dopant that shows cation exchange proper-
ties when doped within polypyrrole. It has been used to form
polypyrrole at inert substrates [23]. Furthermore, it was used by
Hien et al. [24] to deposit an inner layer of PPyeDBS at mild steel,
while Prissanaroon et al. [25] formed PPyeDBS on electropolished
copper at potentials higher than 1.5 V vs SCE to study the interface
between copper and the polymer for potential application in
electronics and sensing. The corrosion protective properties of the
film were not considered. In addition to being large, DBS is well
known as a surfactant and it has the ability to formmicelles [26,27].
In polar solvents, such as water, the DBS monomers assemble to
form a micelle with their hydrocarbon tails located in the core of
the micelle and shielded from the polar water, while the polar SO3

�

groups project outwards into the bulk solution.
The DBS was selected in this study because it is large and

immobile, exhibits cation exchange properties and forms micelles.
If some of the micelles can be doped or incorporated within the
polymer matrix, then this would give a negatively charged surface
that attracts cations and repels chloride anions. Furthermore, it has
good solubility in aqueous solutions and it can be incorporated as a
dopant during the electropolymerisation of pyrrole [23].

2. Experimental

The electrochemical experiments were carried out with a CH
instruments (Model 760) potentiostat and a Solartron (Model 1287)
potentiostat in conjunction with a Solartron frequency response
analyser (Model 1255). The copper electrode was fabricated from a
4mmdiameter rod, which was encased in a Teflon holder. A copper
wire was threaded into the base of the sample and used to connect
to the potentiostat. A flat copper disc electrode was employed for
SEM and EDX measurements. The electrodes were polished with
successively lower sized diamond particles with a final polish using
1 mm diamond on a Buehler micro-cloth. The samples were then
well rinsed with deionised water, sonicated and dried under a
stream of air. A standard three electrode electrochemical cell was
used with a saturated calomel electrode (SCE) and a high surface
area platinum wire counter electrode. Current density, normalised
to the geometric surface area of copper, is used in the polarisation
and Tafel plots, while the currents presented for the formation of
the polymer are not normalised, as the surface area of the polymer
changes during growth.

The pyrrole monomer (98%) was obtained from Aldrich and was
purified by distillation prior to use. It was then stored in the dark
at �20 �C between experiments. The DBS solutions were prepared
before each experiment and not stored as this gave poor repro-
ducibility. Freshly prepared solutions gave good reproducibility,
with nearly identical currents obtained during the formation of the
PPyeDBS layers. All experiments were repeated at least three times
and the average results are presented. The DBS doped polypyrrole
films, PPyeDBS, were formed directly at copper or at an initial
preelayer of polypyrrole doped with tartrate to give a bilayer,
PPyeTar/PPyeDBS. The initial PPyeTar layer was deposited from a
neutral, pH of 7.0, solution containing 0.3M pyrrole and 0.10M
sodium potassium tartrate at 0.75 V for 600 s. This polymer-
modified electrode was then transferred to the DBSecontaining
solutions. Typically, the electropolymerisation solution consisted
of a 0.3M pyrrole and 0.05M DBS solution and the polymer was
formed at 0.75 V vs SCE for 600 s at the initial PPyeTar film. The
influence of the DBS concentration was studied by varying the DBS
concentration from 9mM to 0.1M, while the impact of the elec-
tropolymerisation period and applied potential on the corrosion
protection properties were investigated by altering the electro-
polymerisation period from 150 s to 1000 s and the applied po-
tential from 0.70 V to 0.90 V vs SCE.

The surface morphology was studied using scanning electron
microscopy (SEM) coupled with energy dispersive XeRay analysis
(EDX). The SEM measurements were performed on a Hitachi
FEescanning electronmicroscope, with an Oxford instruments Inca
Xeact 4.12 software package. The EDX analyses were carried out
using an EDXModel 51eADD0009with the software packageMicro
Analysis Suite. Prior to the SEM measurements, a thin gold layer
was deposited on the surface using an Emitech K550� gold sputter
coater.

The corrosion protection properties were studied using polar-
isation curves, openecircuit potential measurements and Tafel
plots. Polarisation curves were recorded in a near neutral (pH of
6.5) 0.1M NaCl solution at 1mV s�1 from an initial potential
of �0.50 V vs SCE. Tafel plots were recorded at 0.17mV s�1 in 0.1M
NaCl at pH 6.5. The electrodes were polarised from 175mV below
the corrosion potential. These data were fitted to the Tafel equation
and used to estimate the corrosion potential, Ecorr, and the corro-
sion current density, jcorr. Prior to recording these polarisation data
the electrodes were immersed in the NaCl solution for 15min to
allow the potential to decay from the electropolymerisation po-
tential. Impedance data were recorded as a function of time and at
various applied potentials. A potential perturbation of 5mV was
used to ensure a pseudoelinear response, while the frequency was
varied from 65 kHz to 6mHz and a total of 10 points per decade
were collected. The data were fitted to equivalent circuits, where
the errors in the fitted element was less than 2.8%.

The conductivity measurements were carried out using a Jen-
way 4510 conductivity meter. The conductivity meter was cali-
brated using a 0.01M KCl solution at 25 �C. The conductivity of DBS
was measured in the presence and absence of 0.3M pyrrole in
deionised water maintained at 25 �C. The conductivity was
measured after each addition of DBS. The solutions were agitated to
facilitate mixing and the conductivity was measured after
approximately a 2min equilibration period. The CMC was esti-
mated from the intersection of the two linear regions corre-
sponding to the DBS anions, at lower concentrations, and the DBS
micelles, which are formed at higher DBS concentrations.

3. Results and discussion

3.1. Formation of PPyeDBS and PPyeTar/PPyeDBS

Polypyrrole doped with DBS was formed at a tartrateedoped
polypyrrole film deposited at copper and it was also formed
directly at copper. The tartrate system was selected as it gives a
stable preelayer of polymer that can be used to deposit the
PPyeDBS film. The currentetime plot recorded on application of
0.75 V vs SCE to the copper electrode in the pyrrole and
tartrateecontaining solution is shown in Fig. 1(a). The growth
profile is typical for the electropolymerisation of pyrrole in a simple
dopant solution. Some dissolution of copper occurs on application
of the potential. However, once the polymer begins to nucleate at
the surface, the dissolution of the copper substrate is inhibited and
the current decays to about 1.0� 10�5 A. No further increase in the
current is observed, indicating that the deposited polymer prevents
the dissolution of the copper substrate. The tartrate ion forms a
complex with copper. At a pH of 7.0, the ion exists as C4H4O6

2� as the
pKa value is 3.77. Ballesteros et al. [28] have carried out a ther-
modynamic analysis of the copper(II)etartrate chloride system and



(a)                                                                              (b)

Fig. 1. Currentetime plots recorded in (a) 0.1M tartrate and 0.3M pyrrole at 0.75 V vs SCE at Cu (b) 0.05M DBS and 0.3M pyrrole at PPyeTar (formed for 600 s) at 0.90 V and
0.75 V vs SCE.
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have shown that as the pH increases, there is a higher tendency for
the formation of hydroxyl tartrate containing complex species,
Equation (1). As the copper is dissolved initially and the Cu2þ ion
concentration increases, this hydroxyl-tartrate complex is formed
and this will limit the dissolution of copper.

Cu2þ þ 2OH� þ2C4H4O6
2� / Cu(C4H4O6)2(OH)24� (1)

The formation of PPyeDBS at this PPyeTar film at copper is
shown in Fig. 1(b), where the polymer was formed at 0.75 V and
0.90 V vs SCE. The current reaches a near steady state at about
0.2mA when polypyrrole is deposited at 0.75 V vs SCE and there is
no further increase in the current. When the polymer is formed at
the higher potential, the current increases indicating that the
resistance of the PPyeTar is sufficiently low to facilitate the elec-
tropolymerisation of the monomer and the formation of further
layers of polypyrrole. These increasing currents are connected to
the further deposition of polypyrrole giving a higher surface area
and higher currents. EDX analyses were performed to determine if
any copper dissolution occurred during this period. EDX spectra
recorded for the bilayer polymer film deposited at 0.70 V and 0.90 V
vs SCE are compared in Fig. 2. It is clearly evident, from the ratio of
the sulfur to copper signal, that considerably more DBS is incor-
porated at 0.90 V vs SCE. This is consistent with the formation of a
thicker polymer film at 0.90 V vs SCE. The PPyeTartrate/PPyeDBS
bilayer formed at 0.70 V vs SCE is sufficiently thin to observe
XeRays from the copper substrate. It is clear from the EDX spec-
trum in Fig. 2(b), that there is little evidence for dissolved copper
ions within the polymer matrix. Although, the PPyeTartrate film
was polarised at 0.90 V vs SCE to deposit the PPyeDBS layer, there is
no evidence to support the dissolution of copper and the genera-
tion of copper ions which are dispersed throughout the polymer
(a)   

Fig. 2. EDX spectra of PPyeTar/PPyeDBS with the PPyeDBS layer deposited from a 0.3M pyr
vs SCE.
matrix, which suggests that the increasing currents observed in
Fig. 1(b) are indeed due to polymer formation.

In Fig. 3, currentetime plots are shown for the electro-
polymerisation of pyrrole in 0.05M DBS at an uncoated copper
electrode at 0.70 V and 0.80 V vs SCE. The initial current, corre-
sponding to the dissolution of copper, remains high for approxi-
mately 65 s for deposition at 0.80 V vs SCE. This active period
depends on the applied potential, becoming longer at lower po-
tentials where the rate of electropolymerisation is slower, reaching
values of 180 s at 0.70 V vs SCE. Adherent polymer films were
formed at the surface, however the formation of the polymer films
depended on the pH of the solution, and these adherent films were
only generated at a pH of approximately 6.0. More acidic pH values
gave rise to more significant dissolution, while more alkaline values
resulted in a much lower rate of electropolymerisation.

The active periods evident in Fig. 3 may be connected to a slow
formation of a stable coppereDBS complex or to a relatively slow
rate of electropolymerisation and this may be related to the
micellar properties of DBS. In order to obtain information on this
micelleeconcentration relationship, the critical micelle concen-
tration, CMC, of DBS in the absence and presence of pyrrole was
determined using conductivity measurements. In Fig. 4, a typical
conductivity measurement is shown, where the conductivity is
plotted as a function of the BDS concentration in deionised water.
Two linear regions are observed and the intersection point corre-
sponds to the formation of micelles. The linear region at low DBS
concentrations represents the DBS anions and no micelles are
formed at these concentrations. As more DBS anions are added, the
conductivity increases and this increase continues until the con-
centration reaches the CMC. Above the CMC micelles are formed
and as these have a lower mobility, compared to the individual DBS
anions, there is a change in the slope of the linear plot. Approximate
     (b)

role and 0.05M DBS solution for 600 s and formed at (a) 0.70 V vs SCE and (b) at 0.90 V



Fig. 3. Formation of PPyeDBS at copper in 0.05M DBS and 0.3M pyrrole at 0.70 V and 0.80 V vs SCE.

Fig. 4. Conductivity plotted as a function of the DBS concentration in deionised water.
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CMC values of 7.8mM and 9.8mM were obtained in the absence
and presence of pyrrole. This shows that the solutions formed at
0.05M DBS contain a relatively high concentration of micelles.
Although pyrrole is trapped within the micelles formed by the DBS
[29], the concentration of pyrrole is well in excess of the DBS and
there is sufficient pyrrole at the surface to enable electro-
polymerisation. It is more likely that the slow rate of electro-
polymerisation is connected with the adsorption of micelles. As the
CMC is 9.8mM, then a high concentration of micelles will exist in
the 0.05M DBS solution, giving rise to their adsorption at the
copper surface. The adsorption of micelles has been described as
admicelles or layers of micelles [29,30] and this interface may
reduce the rate of electron transfer and limit the initial oxidation of
the monomer. These effects have more influence at the uncoated
copper where the two competing events of polymer nucleation and
copper dissolution occur.
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The influence of the DBS concentration on the morphology of
the polymer bilayers is shown in Fig. 5. The PPyeDBS films were
formed at the PPyeTar layer at 0.75 V vs SCE for 600 s in solutions
containing DBS at concentrations ranging from 1mM to 0.10M. It is
clear that the concentration has a significant effect on the surface
morphology. Uniform and homogeneous films were formed with
DBS concentrations ranging from 10mM to 0.10M. The character-
istic cauliflower morphology is seen at the higher DBS concentra-
tions. The size and diameter of the cauliflower structures increase
with increasing concentrations of DBS, with the highest diameters
observed at 0.05M and 0.10M. As the concentration is lowered to
1.0mM, oval-type structures, which appear to have voids, are
formed. Although there are still a few cauliflower structures at this
low concentration, the oval structures are in abundance. As the
concentration of DBS is increased more dopants become available
and more conducting solutions are formed and the electro-
polymerisation becomes more efficient.

It was also evident that less uniform coatings were formed at
these lower concentrations. In Fig. 6, data are presented for the
PPyeDBS bilayer deposited from 9mM DBS, where the distribution
of copper and oxygen are shown across the area highlighted. In this
figure the darker areas represent lower levels of the element. The
mapping profile for copper shows that more copper is detected at
the base of the cauliflower structures, while the darker middle
region, where the cauliflower structures are seen, give a lower
count for copper. The oxygen signal shows an opposite trend, with
lower levels of oxygen at the base of the cauliflower structure.
Fig. 5. SEM micrographs for PPyeTar/PPyeDBS formed at 0.75 V vs SCE for 600 s in 0.3
There was little change in the sulfur count (not shown). These
variations in the concentration of oxygen and copper indicate
changes in the thickness of the bilayer film. The cross section pre-
sented in Fig. 6(d) highlights these variations in thickness. An
average thickness of 1.8± 1.5 mm was obtained. Uniform films and
mapping profiles were formed at the higher concentration of
0.05M DBS. In this case, there was little evidence of copper and no
variations in the oxygen and sulfur counts, indicating thicker and
more uniform polymers. The bilayer thickness was estimated as
3.4± 0.2 mm.

3.2. Corrosion protection properties

The corrosion protection properties were studied in a near
neutral (pH 6.5) 0.1M NaCl solution using a combination of slow
scan rate polarisation curves, openecircuit potential measure-
ments and Tafel analyses, where the corrosion currents and
corrosion potentials were estimated using the Tafel equation.
Breakdown potentials were obtained from the polarisation curves
and are useful in comparing the polymer coatings as they mark the
potential where the oxide/coatings fail and dissolution of the
substrate is seen.

A typical potentiodynamic polarisation curve, recorded at
1.0mV s�1, is shown in Fig. 7(a) where the protective properties of
the PPyeTar/PPyeDBS bilayer are compared with the uncoated
copper and the PPyeDBS formed directly at copper. The outer
PPyeDBS layer was formed at 0.75 V vs SCE for 600 s, while the film
M pyrrole and (a) 0.10M DBS (b) 0.05M DBS (c) 9.0mM DBS and (d) 1.0mM DBS.



Fig. 6. SEM micrographs for PPyeTar/PPyeDBS formed at 0.75 V vs SCE in 0.3M pyrrole and 9.0mM DBS for 600 s (a) area selected for mapping, (b) distribution of copper (c)
distribution of oxygen and (d) cross section of polymer. The white coloured segments indicate the presence of the element.
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formed directly at copper was deposited at 0.90 V vs SCE for 600 s
and then at 0.75 V vs SCE for a further 600 s from a 0.3M pyrrole
and 0.05M DBS solution. There is a significant difference between
the voltammograms, with dissolution of the uncoated copper
reaching a current of 1.0mA cm�2 at approximately 0.10 V vs SCE.
The protective properties of the polymerecoated copper are clearly
evident with low currents and no indications of the dissolution of
the copper substrate at 0.10 V vs SCE. The current begins to increase
at about 0.90 V vs SCE for the PPyeTar/PPyeDBS coating and this
indicates breakdown of the polymer film and the dissolution of
copper. The PPyeDBS film deposited directly at the copper elec-
trode has a slightly lower breakdown potential of 0.86 V± 0.30 vs
SCE and the current begins to increase at about 0.20 V vs SCE and
reaches current values of 0.1mA cm�2 at 0.70 V vs SCE.

Although the difference in the breakdownpotentials is relatively
small between these two polymer systems, the PPyeTar/PPyeDBS
bilayer showed better protective properties. This may be related to
the polypyrroleemetal interface. More dissolution of the copper
was evident during the electropolymerisation of pyrrole in the
DBSecontaining solution at the pure copper surface, compared to
the tartrate system, Figs. 1 and 3. Prissanaroon et al. [25] showed
that an interfacial layer rich in sulfur was formed, indicating the
presence of a DBS layer between the polymer and copper. Although
initial dissolution is seen in the tartrate solution, the copper elec-
trode is passivatedmore quickly limiting the thickness of this initial
layer and this appears to give a slightly more protective surface.
Indeed, the breakdown potential for the PPyeDBS films depended
on the applied potential used to form the polymer, with values
ranging from 0.86 V vs SCE at a formation potential of 0.90 V vs SCE
to a much lower breakdown potential of 0.45 V vs SCE when the
polymer was formed at 0.65 V vs SCE. As shown in Fig. 3, the active
dissolution period remains considerably longer when the polymer
is formed at a lower potential.

Polarisation curves, in the vicinity of the corrosion potential,
were recorded at a scan rate of 0.17mV s�1 in an attempt to reduce
the charging current contribution from the polypyrrole and these
data were used in the Tafel analysis. Representative plots for the
bielayer, where the outer PPyeDBS layer was formed in 0.3M
pyrrole and 0.05M DBS at 0.75 V vs SCE for 600 s and 200 s, are
shown in Fig. 7(b). It is evident from this plot that lower corrosion
currents and higher corrosion potentials are recorded for the
polymer formed for 600 s, indicating a more protective polymer
film. The computed corrosion potential, Ecorr, corrosion current
density, jcorr, and Tafel slopes, ba and bc, are summarised in Table 1,
where themore protective bilayer is compared with copper and the
initial PPyeTar layer. In this case, the initial PPyeTar layer was
formed for 1200 s to enable a more direct comparison with the
bilayer. The Tafel slopes and corrosion current obtained for copper
are in good agreement with the data obtained by Mansfeld et al.
[31] for copper in chloride solutions. It is clear that lower jcorr values
are computed for the PPyeTar/PPyeDBS bilayer, coupled withmore
electropositive corrosion potentials. This is consistent with a
reduction in the rate of the copper dissolution half reaction. It is
also evident that the inner PPyeTar layer has some protective
properties, but it is the PPyeDBS outer layer that provides the
protective properties.

The influence of the applied potential and the electro-
polymerisation period on the corrosion protection properties of the



Fig. 7. (a) Potentiodynamic polarisation curves recorded at 1.0mV s�1 in 0.1M NaCl, pH 6.5 for uncoated copper PPyeTar/PPyeDBS (formed at 0.75 V vs SCE for 600 s at
the PPyeTar layer) and PPyeDBS coated copper where the PPyeDBS was deposited at 0.90 V vs SCE for 600 s and then at 0.75 V vs SCE for 600 s in 0.3M pyrrole and 0.05M
DBS. (b) Tafel Plots recorded at 0.17mV s�1 in 0.1M NaCl for PPyeTar/PPyeDBS with the PPyeDBS layer deposited from 0.3M pyrrole and 0.05M DBS at 0.75 V vs SCE for
200 s and 600 s.

Table 1
Tafel slopes, Ecorr and jcorr for uncoated and polymerecoated copper (n¼ 4). The PPyeTar was formed in 0.3M pyrrole and 0.1M tartrate at 0.75 V vs SCE for 1200 s and the
bilayer was formed at the PPyeTar (600 s) in 0.3M pyrrole and 0.05M DBS at 0.75 V vs SCE for 600 s.

System ba/mV decade�1 bc/mV decade�1 Ecorr/V vs SCE jcorr/mA cm�2

Uncoated Cu 68 95 �0.245± 0.015 1.95± 0.03
PPy-Tar 91 48 �0.080± 0.030 1.70± 0.04
PPy-Tar/PPy-DBS e 49 �0.065± 0.017 0.12± 0.03
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polypyrrole bilayer were studied and these results are summarised
in Table 2, where the breakdown and corrosion potentials are
shown. The initial PPyeTar film was deposited at 0.75 V vs SCE for
600 s, while the PPyeDBS outer layer was formed at potentials
varying from 0.60 V to 0.90 V vs SCE and for time periods ranging
from 100 to 1200 s. It is evident from Table 2 that protective bi-
layers, with high breakdown potentials and more electropositive
corrosion potentials, can be formed by varying the potential and the
electropolymerisation period. There is little difference in the pro-
tective properties of the bilayer, when the PPyeDBS layer is
deposited at 0.75 V vs SCE for 400 se1000 s. However, breakdown
of the coating and dissolution of the copper substrate was observed
for film deposition periods of 100 or 200 s. This shows that the
thickness of the PPyeTar/PPyeDBS, and in particular the thickness
of the outer PPyeDBS layer, has an influence on the protective
properties, with thin PPyeDBS layers providing less corrosion



Table 2
Influence of the electropolymerisation period and applied potential, Eapp, on the
breakdown, Eb, and corrosion potentials for PPyeTar/PPyeDBS. The PPyeDBS layer
was formed in 0.3M pyrrole and 0.05M DBS.

Eapp/V vs SCE t/s Eb/V vs SCE Ecorr/V vs SCE

0.70 150 0.41± 0.08 �0.203
300 0.81± 0.03 �0.110
400 0.85± 0.02 �0.069
600 0.91± 0.01 �0.075
900 0.92± 0.01 �0.062

0.75 300 0.92± 0.02 �0.103
600 0.93± 0.02 �0.065

0.80 300 0.91± 0.03 �0.081
400 0.93± 0.02 �0.073

0.90 400 0.92± 0.02 �0.054
1000 0.65± 0.10 �0.194

Fig. 8. Openecircuit potential recorded as a function of time in 0.1M NaCl for
copper, PPyeTar/PPyeDBS and PPyeDBS. The PPyeDBS was formed at
0.75 V vs SCE for 600 s at the PPyeTar layer (600 s) and at pure copper for 600 s at
0.90 V vs SCE followed by 600 s at 0.75 V vs SCE from a 0.3M pyrrole and 0.05M DBS
solution.
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protection. For electropolymerisation at 0.90 V vs SCE, protective
bilayer films were obtained at shorter times of 300 and 400 s,
where the rate of electropolymerisation is higher. It is well known
that electropolymerisation proceeds faster at higher applied po-
tentials although the resistance of the films may increase due to
overeoxidation of the polymer backbone [32]. However, at this
relatively high potential, less protective polymer films were ob-
tained at longer polarisation times. This suggests some over-
oxidation of the polypyrrole film at these high applied potentials
and longer polymerisation times to give a more open porous
polymer film that facilitates the transport of chloride anions and
dissolution of the copper substrate. Indeed, Lewis and coeworkers
[33] showed that overeoxidation of polypyrrole begins at 0.65 vs
SCE, at pH 6.0, and becomes more significant at potentials higher
than 0.80 V vs SCE.

The influence of the concentration of the DBS on the protective
properties of the PPyeTar/PPyeDBS bielayer was studied by
varying the concentration of the DBS in the electropolymerisation
solution and these data are summarised in Table 3. It is clear that
0.05M and 0.10M solutions of DBS give the more protective poly-
mer films. In all cases, the bilayer inhibits the dissolution of the
copper substrate, but the breakdown and corrosion potentials
depend on the concentration of DBS, with breakdown of the film
observed at about 0.35 V vs SCE and lower corrosion potentials with
9mM DBS, indicating poor corrosion protection properties. This is
consistent with the data presented in Figs. 5 and 6 that show less
efficient formation of the PPyeDBS bilayer at the lower DBS
concentrations.

The openecircuit potential (OCP) of uncoated copper, PPyeDBS
formed directly at copper and the PPyeDBS bilayer are shown as a
function of time in Fig. 8. The polymers were placed in deionised
water for a 20min period to remove any unbound DBS and to allow
the potential to decay from the electropolymerisation potential.
The polymers were then transferred to a 0.1M NaCl solution,
without any prior polarisation. Therefore, the openecircuit po-
tentials are more electropositive than the corrosion potentials,
obtained from polarisation curves. The uncoated copper adopts
Table 3
Influence of the DBS concentrations on the breakdown and corrosion potentials for
PPyeTar/PPyeDBS. The PPyeDBS layer was formed at 0.75 V vs SCE for 600 s in
0.3M pyrrole.

Concentration/mM Eb/V vs SCE Ecorr/V vs SCE

100 0.91± 0.02 �0.059
50 0.93± 0.02 �0.065
30 0.78± 0.03 �0.045
10 0.48± 0.05 �0.120
9 0.35± 0.07 �0.219
potentials of about�0.15 V vs SCE, while higher values are recorded
for the two polymerecoated electrodes. The openecircuit potential
of the polymeremodified electrodes reach a near steadyestate
potential, that is always more noble that the potential recorded
for the uncoated copper. There was little variation in this potential
over a 30eday period and no evidence of any decay to the potential
corresponding to the uncoated copper.
3.3. Impedance response of the PPyeTar/PPyeDBS bilayer

Electrochemical impedance data were recorded for the
PPyeTar/PPyeDBS coated copper at potentials between �0.60 V
and 0.60 V vs SCE. Steadyestate conditions were achieved after
approximately 200min as shown in Fig. 9(a), where the impedance
recorded at 0.01 Hz is shown as a function of the polarisation period
at 0.40 V vs SCE. After this initial 200emin period, the impedance
remains essentially constant indicating good stability over an
extended polarisation period in a harsh chlorideecontaining solu-
tion. Impedance plots, where the impedance is shown as Bode
plots, are presented in Fig. 9(b) and (c) for the PPyeTar/PPyeDBS
coated copper following a 200min polarisation period in 0.1M
NaCl under open-circuit conditions (EOCP¼ 20mV vs SCE) and
at�0.50 V vs SCE. These data correspond to the oxidised or partially
oxidised film that maintains the copper at more electropositive
potentials, Fig. 8, and the reduced polymer that will exist in the
event that the copper substrate undergoes dissolution. The OCP
data were fitted to the equivalent circuit depicted in the figure,
where Rs represents the solution resistance, R1 represents the
chargeetransfer resistance, and CPE1 and CPE2 are constant phase
elements. Constant phase elements with a fractional exponent, n,
give a measure of surface inhomogeneity, with n having values
between 0.0 and 1.0 [34]. The higher exponent values, n> 0.95,
point to a relatively high degree of surface homogeneity and
correspond to a capacitor. Good agreement between the experi-
mental and the fitted data was obtained as shown in the figure
where the experimental data are compared to the fitted traces. The
capacitance of the polymer at OCP was calculated as 30mF cm�2

with an n value of 0.97 (CPE2), indicating a near ideal capacitor.
These high capacitance values have been documented in previous
reports and are normally associated with the conducting and
charging properties of the polypyrrole film [35]. In contrast, the



Fig. 9. Impedance data recorded for PPyeTar/PPyeDBS (formed at 0.75 V vs SCE for 600 s at the PPyeTar layer) in 0.1M NaCl (a) impedance recorded at 0.40 V vs SCE at 0.01 Hz
plotted as a function of time (n¼ 3) (b) and (c) Bode plots shownwith experimental data as symbols recorded at D-D-D OCP and at �0.50 V vs SCE (d) capacitance plotted as a
function of potential (n¼ 3).
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capacitance of the uncoated copper electrode was calculated as
5.0 mF cm�2 when polarised at �0.20 V vs SCE, which is typical of
double layer capacitance values recorded in chloride-containing
electrolytes [36]. The charge-transfer resistance of the bilayer was
estimated at 7 kU cm2, which is somewhat higher than the value of
900U cm2 obtained for the bilayer formed at platinum (data not
shown). On reduction of the polymer at�0.50 V vs SCE, the charge-
transfer resistance increased to 25 kU cm2, which is related to the
formation of the reduced polymer, while the n value decreased to
0.85. The n value decreased further as the polymer was polarised to
lower potentials, reaching approximately 0.5 at a potential
of �0.60 V vs SCE. This indicates the development of a diffusional
process, which is probably connected to the formation of
PPyoeDBS-Naþ.

In Fig. 9(c), the capacitance of the PPyeTar/PPyeDBS modified
copper is shown as a function of the applied potential. The
capacitance is essentially constant between 0.50 V and �0.20 V vs
SCE, however, there is a reduction in the capacitance as the po-
tential is increased to 0.60 V vs SCE. This decay in the capacitance
is probably related to the overeoxidation of the polypyrrole ma-
trix, resulting in the formation of a less conducting polymer sub-
strate. There is also a reduction in the capacitance at potentials
lower than �0.20 V vs SCE. This is consistent with the formation of
the reduced PPyoeDBS-Naþ film. It was not possible to estimate
the capacitance at potentials lower than �0.40 V vs SCE, as the n
value deviated too much from 1.0. These results show that the
properties of the PPyeTar/PPyeDBS film formed at copper are
reasonably similar to polymers deposited at inert substrates, un-
dergoing reduction at lower applied potentials and becoming
overeoxidised as more electropositive potentials of 0.60 V vs SCE
and higher are applied.
3.4. Mode of corrosion protection

It is evident from the data presented that copper is protected
from dissolution in chloride-containing solutions by the PPyeTar/
PPyeDBS bilayer, at least for short immersion times. The mecha-
nism by which polypyrrole protects metals and alloys from corro-
sion is not completely understood [37e39], with mechanisms
varying from anodic protection, controlled inhibitor release, barrier
protection to dislocation of the oxygen reduction reaction site to
the conducting polymer. The anodic protection mechanism is
described in several papers [37e39] and this is connected with the
redox properties of the conducting polymer which maintain the
underlying substrate in the passive domain. While this mechanism
has been discussed for the protection of iron and iron-containing
alloys it may also be relevant to the bilayer-coated copper.

Considering the Pourbaix diagram of copper [40], it is apparent
that the electrode potential for the formation of Cu2O, Equation (2),
can be reached by the bilayer-coated copper, as shown in Fig. 8.
Provided chloride anions are not present, then the copper substrate
can bemaintained as the Cu(I) oxide/hydroxide. However, as shown
in Equation (3), the formation of CuCl is also thermodynamically
viable and if this reaction occurs it may give rise to an acceleration
of the corrosion reaction. Therefore, for the copper system, the
removal of chloride anions is critical and the passive oxide is only
maintained in the absence of chloride.

Cu2O þ 2Hþ þ e� / 2 Cu þ H2O E¼ 0.471e0.0591 pH (2)

CuCl þ e� / Cu þ Cl� E¼ 0.157 V vs SHE (3)

The PPyeTar/PPyeDBS bilayer has three phases, an inner
tartrate-copper complex phase, the PPy-Tar layer, where the
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tartrate anion is largely a mobile anion and an outer PPyeDBS layer,
where the DBS is immobile, giving rise to cation exchange. In
addition, this outer layer may contain incorporated micelles. The
CMC of DBS in the presence of pyrrole was estimated as 9.8mM
which is considerably lower than the 0.05M DBS concentration
employed in the formation of PPy-DBS. Indeed, Bay et al. [41]
observed a large increase in the doping levels, obtained from mass
changes, when alkyl benzenesulfonates, such as DBS, were used to
form polypyrrole. This was explained by the incorporation of
additional amounts of DBS, while Prissanaroon et al. [25] reported
doping levels as high as 0.55 for DBS-doped polypyrrole films. As
detailed earlier the capacitance of the bilayer is relatively high at
30mF cm�2 and this may be connected to the incorporation of
additional negative charge which is associated with the anionic
micelles. This would also account for the observations made by
Prissanaroon et al. and Bay et al. [25,41]. While the polymer is
maintained in the oxidised state, this outer PPyeDBS layer will
repel chloride anions with the immobile anionic DBS dopant and
any incorporated anionic micelles. While equilibrium exchange at
the polymer solution interface occurs between small mobile dop-
ants and chloride anions in solution, the DBS is too large to facilitate
exchange and it will remain incorporated as a dopant in the outer
polymer layer. Under these conditions the chloride anion is
repelled and the Cu(1) oxide/hydroxide substrate remains stable.

However, the events which accompany the reduction of the
polymer are also important in the protection of the copper sub-
strate as reduction of the polymer occurs at any defect site where
dissolution of copper takes place. As the two polymer layers exhibit
different exchange behaviours, reduction of the polymer bilayer
involves both cation ingress and anion release as illustrated in
Equation (4). These reduction events appear to begin at
about �0.20 V vs SCE, as illustrated by the changes in the capaci-
tance of the polymer, Fig. 9(d). A much larger intake of Naþ occurs
in the vicinity of �0.60 V vs SCE where a diffusional process be-
comes evident, with the exponent of the CPE approaching 0.5.

PPy2nþeTar2n�/PPymþeDBSm- þ mNaþ þ bH2O þ ze� / PPyo/
PPyoeDBSm-mNaþbH2O þ nTar2� (4)

The release of tartrate from the inner layer has the potential to
repassivate active sites. As shown in Equation (1), the tartrate anion
forms a stable hydroxyl tartrate containing complex with Cu2þ.
Therefore, it appears that the protective properties observed in this
study are largely due to the chloride repelling properties of the
outer layer, which helps to maintain the Cu2O oxide phase, and the
inhibitor release properties of the inner layer. This inner layer also
serves to reduce themobility of Naþ cations that are incorporated at
the outer layer. While exclusive anion release may not be achieved
with the tartrate anion, the concentration of Naþ incorporated
within this layer will be relatively low as the dominant process is
tartrate release. Rohwerder and Michalik [38] have shown that
cation transport in anionedoped polypyrrole is fast, as the cations
can hop between adjacent fixed negative charges. As the tartrate
anions are released and the polymer backbone is reduced to the
neutral polymer the transport of cations within this inner layer is
reduced considerably. The ingress of Naþ and its associated solvated
water molecules can lead to structural damage within the poly-
pyrrole matrix [42]. The presence of an inner layer, that minimises
the uptake and transport of Naþ, will possibly prevent these
changes at the polymerecopper interface, reducing the risk of
polymer delamination at the corroding site.

4. Conclusions

Protective polypyrrole coatings were formed on copper by
electropolymerisation of pyrrole in the presence of DBS. The poly-
mers were formed directly at copper from a 0.05M DBS and 0.3M
pyrrole solution adjusted to a pH of 6.0. The polymers were also
formed at an initial polypyrrole film generated from a tartrate so-
lution to form a bilayer, PPyeTar/PPyeDBS at the copper electrode.
The bilayers were more protective and this was attributed to the
copperepolypyrrole interface. In the presence of tartrate, the pol-
ypyrrole film formed readily without significant dissolution of
copper, while considerably more copper was dissolved prior to the
nucleation and growth of the polypyrrole layer in the presence of
DBS. The concentration of DBS had an influence on the morphology
and the protective properties of the polypyrrole films. More pro-
tective bilayer films, with a breakdown potential of 0.93 V vs SCE,
were obtained using a 0.05M DBS solution. The applied potential
and the electropolymerisation period, which influence the thick-
ness of the polymer films, were also found to affect the breakdown
potentials and corrosion potentials. The corrosion protective
properties were attributed to the immobile nature of DBS which is
retained within the polymer on reduction due to its large size and
the polymer film exhibits cation exchange properties. Furthermore,
DBS formsmicelles at concentrations higher than 9.8mM and some
of these micelles are likely to dope the polymer, or become incor-
porated within the polymer matrix, to give a negatively charged
surface that repels anions.
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